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ABSTRACT 
Uork d u r i n g  t h i s  r e p o r t i n g  p e r i o d  c o n s i s t e d  of o b t a i n i n g  a d d i t i o n a l  f i e l d  d a t a  
on d u s t  d e v i l s ,  and f i n f s h i n g  t h e  computer prograu f o r  de t e rmin ing  t e m p e r a t u r e  
l a p s e  rates i n  t h e  lowermost H a r t i a n  atmosphere.  F i v e  days of good f i e l d  
d a t a  were o b t a i n e d .  These have p rov ided  s e v e r a l  i m p o r t a n t  c l u e s  concerning the 
mechanics of d u s t  d e v i l  g e n e r a t i o n ,  and have served t o  v e r i f y  p r e v i o u s  assuinpt ions.  
Computer runs have shown t h a t  t h e  t e n p e r a t u r e  lapse rates i n  t h e  lowermost Kar t i an  
atmosphere can become h i g h l y  s u p e r a d i a b a t i c ,  
genera t ion. 
a c o n d i t i o n  f a v o r a b l e  t o  d u s t  d e v i l  
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1.0 lNTRODUCTLON AND S W Y  
Thio report p r e s e n t s  a s u m a r y  of work accomplished d u r i n g  t h e  pe r iod  
Febrwiry 1 th rough  J u l y  31, IS68 OR a st t idy of d u s t  d e v i i s  as  r e l a t e d  t o  
the h a r t i a n  ye l low clouds.  The o b j e c t i v e  of t h i s  s t u d y  is t o  de te rmine  
whebher d u s t  d e v i l s  cou ld  o c c u r  on Mars an2 be r e s p o n s i b l e  f o r  t h e  observed 
Y e ~ ~ o w  c louds .  P a r t i c u l a r  enphas i s  is  be ing  g i v e n  t o  f i e l d  s t u d i e s  of d u s t  
dew I Is s i n c e  r e l a t i v e l y  f e u  good daca are a v a i l a b l e  conce rn ing  t h e i r  s t r u c t u r e  
t h e  c o n d i t i o n s  under which they form. 
Fiv-+ good days of f i e l d  d a t a  were o b t a i n e d  d u r i n g  t h i s  r e p o r t i n g  pe r iod .  
dii: a i n c l u d e d ,  f a  a d d i t i o n  t o  measurement of t h o s e  q u a n t i t i e s  r e p o r t e d  p r e v i o u s l y  
( e -  g .  t e m p e r a t u r e  f rom t h e  s u r f a c e  t o  1540 meters a l t i t u d e ,  e n v i r o m e n t a l  wind 
V t ' i o c i t y  and d i r e c t i o n ,  t a n g e n t i a l  wind v e l o c i t y  i n s i d e  t h e  d u s t  d e v i l s ,  d u s t  
de'- i1 f r equency  and s i z e ) ,  measurement of l o c a l  e n v i r o m e n t a l  v o r t i c i t y ,  d i r e c t i o n  
Of dust d e v i l  r o t a t i o n ,  and the v e r t i c a l  v e l o c i t i e s  i n  d u s t  devils. The v o r t i c i t y  
These 
a~;*d i r e c t i o n  of d u s t  devil r o t a t i o n  measurements are c o n s i d e r e d  t o  b e  i n p o r t a n t  
t* e s t a b l i s h  whe the r  d i r e c t  c o n n e c t i o n  indeed exists between t h e  atmospheric  
a;*tKular manenturn and t h e  magnitude of t h e  t a n g e n t i a l  wind v e l o c i t i e s  i n  d w t  
dk-vi l s  (such a c o n n e c t i o n  would be i n d i c a t e d  i f  t h e  d i r e c t i o n  of d u s t  d e v i l  
r e t a t i o n ,  p a r t i c u l a r l y  for t he  l a r g e r  d e v i l s ,  is found to  be r e l a t e d  t o  t h e  
L-ecal area a t m o s p h e r i c  d i r e c t i o n  of r o t a t i o n ) .  
3 e a s u r e m e n t s  inside d u s t  d e v i l s  a r e  c o n s i d e r e d  to be f a p o r t a n t  since t h e y  s h o u l d  
Lh'Ld i n  t h e  e s t a b l i s h e a t  of a dust d e v i l  model, 
The v e r t i c z f  wind velocity 
1 
,>. 
*.&e major f i n d i n g s  d u r i n g  t h i s  r e p o r t i n g  p e r i o d  are (a) t h a t  t h e  v e r t i c a l  wind 
+elocit ies in d u s t  d e v i l s  i n c r e a s e  as t h e  t empera tu re  l a p s e  rate increases, 
dicating the role of bouyancy i n  dust d e v i l  fo rma t ion ,  (b) t h a t  t h e  d i r e c t i o n  
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of  d u s t  d e v i l  r o t a t i o n  a p p e a r s  c o r r e l a t e d  w i t h  t h e  d i r e c t i o n  of a tmospher i c  
v o r t i c i t y ,  and ( c )  t h a t  b o t h  l a p s e  r a t e s  and a tmospher ic  v o r t i c f t y  play 
impor t an t  roles i n  d u s t  d e v i l  g e n e r a t i o n .  A d d i t i o n a l  f i n d i n g s  are (a) that 
t a n g e n t i a l  w i n d . v e l o c i t i e s  i n  d u s t  d e v i l s  d e c r e a s e  as background (envi ronmenta l )  
wind v e l o c i t y  i n c r e a s e s ,  an i n d i c a t i o n  of t h e  r o l e - o f  mechanical  t u r b u l e n c e  i n  
h i n d e r i n g  d u s t  d e v i l  f o r n a t i o n ,  (b) t h a t  d u s t  d e v i l  t a n g e n t i a l  v e l o c i t y  i n c r e a s e s  
as d u s t  d e v i l  diarneter i n c r e a 3 e s .  and (c) t h a t  t h e  t a n g e n t i a l  v e l o c i t y  a p p e a r s  
i n s e p s i t i v e  t o  l a p s e  r:te. i n d i c a t i n g  a g a i n  t h e  impor tance  of a tmosphe r i c  
\ 
v o r t i c i t y  i n  g e n e r a t i n g  t h e  d u s t  d e v i l  mode of h e a t  t r a n s f e r .  These f i n d i n g s  
i n d i c a t e  t h a t  i f  d u s t  d e v i l s  are t h e  c a u s a l  a g e n t s  of  t h e  Mar t i an  p e l l w  c l o u d s  
t h e s e  c l o u d s  would b e  formed p r e f e r e n t i a l l y  a t  t i n e s  when s u p e r a d i a b a t i c  tempera- 
t u r e  l a p s e  rates are p r e s e n t  i n  c o n j u n c t i o n  wLth a p p r e c i a b l e  a tmosphe r i c  v o r t i c i t y .  
Y e l l o w  c l o u d s  are known to  form d u r i n g  t i m e s  of roaximurn s u r f a c e  h e a t i n g  
( conduc ive  t o  &he p r o d u c t i o n  of  s u p e r a d i a b a t i c  l a p s e  r a t e s )  and most  v igo rous  
a tmospher fc  c i r c u l a t i o n  ( conduc ive  t o  t h e  p re sence  of c o n s i d e r a b l e  v o r t i c i t y ) .  
Hence t h e  data t o  date.  i n d i c a t e  d u s t  d e v i l s  could  produce t h e  yellow c louds .  
However, t h e  d a t a  as y e t  canno t  p r e d i c t  whether  t h e  wind v e l o c i t i e s  g e n e r a t e d  
cou ld  b e  s u f f i c i e n t l y  l a r g e  t o  raise g r a n u l a r  m a t e r i a l  on Yars. 
The computer  program for d e t e r m i n i n g  t empera tu re  l a p s e  r a t e s  i n  t h e  lavennost 
p o r t i o n  of t h e  ? f a r t i a n  a tmosphere ,  as a f u n c t i o n  of  t i m e  aid l o c a t i o n ,  has been  
c a p l e t e d ,  The f i r s t  runs i n d i c a t e  t h a t  h i g h l y  s u p e r a d i a b a t i c  l a p s e  rates are 
g e n e r a t e d  close to  t h e  surface, i n  acco rdance  w i t h  t h e  f i n d i n g s  of o t h e r s .  
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2.0 IXSTRUI?EAXTATION A\i PROCEDURES 
Var ious  changes to t h e  i n s t r u m e n t a t i o n  and measurement p rocedures  were made 
d u r i n g  t h e  r e p o r t i n s  p e r i o d .  These changes and t h e  r e a s o n s  for which t h e y  were msde 
are g i v e n  i n  t h e  f o l l o w i n g  sec t ions .  
2.1 Bal loon  Measurements 
During t h e  e a r l y  p h a s e s  of t h e  program a t e t h e r e d  b a l l o o n  was used t o  o b t a i n  
tempera ture  measurements i n  t h e  he i r , h t  r a q e  (30-150 wters)  between t h a t  
covered by t h e  pole and t h e  a i r c r a f t .  The b a l l o o n  vas vee-shaped to p rov ide  
s e r o d y n m i c  l i f t  a n d  m a i n t a i n  i t s e l f  over  the pole i n  t h e  p r e s e n c e  of wind. I t  
w a s  found, however, that  i t  was i m p o s s i b l e  t o  keep t h e  b a l l o o n  a t  a n y t h i n g  like 
a c o n s t a n t  a l t i t u d e ,  and t h e  a l t i t u d e  chanqes w e r e  e x t r e r i e  and r a p i d  (a t  
various t i n e s  t h e  balloon would r a p i d l v  d r o p  a hundred  meters o r  so, d e p o s i t i n g  
t h e  sensors on t h e  ground) .  I t  a p p e a r s  t h a t  t h i s  b e h a v i o r  w a s  caused  by down- 
ward moving air c u r r e n t s  whose v e l o c i t y ,  though low, a c t e d  upon t h e  large 
s u r f a c e  area of t h e  b a l l o o n  and hence  c o u l d  overcome t h e  b a l l o o n  l i f t .  Two 
a t t e m p t s  t o  remove this problem, f i r s t  f l v l n g  t w o  b a l l o o n s  i n  tandem, one 
150 meters above t h e  o t h e r ,  and second,  provid lne ,  =cans f o r  ground c o n t r o l  of t h e  
b a l l o o n  p i t c h  (means t o  p o i n t  che  b a l l o o n  nose  i n t o  t h e  downdraf t s  when t h e y  
o c c u r r e d )  w e r e  made. X e i t h e r  approach  was s u c c e s s f u l .  Accord ingly ,  i t  w a s  
decided  t o  do away 4 t h  t h e  b a l l o o n s  and have  t h e  a i r c r a f t  f l y  c o n t i n u o u s l y .  
This approach  h a s  proven q u i t e  s u c c e s s f u l  ( t o  c o v e r  the  gap l e f t  by  t h e  
b a l l o o n ' s  absence ,  a i r c r a f t  measurements a t  7 7  meters uere added to t h e  
measurement set) .  
2 .2  P o l e  Tempera ture  Yeasurernent Heights 
During t h e  earlier p h a s e s  of the program, t e m p e r a t u r e  s e n s o r s  were mounted at 
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h e i g h t s  of 0 ,  1, 2 ,  5 and 9 meters. Ana lvs i s  of t h e  r e c o r d s  i n d i c a t e d ,  
however, t h a t  d e t e r m i n a t i o n  of t h e  shape  of t h e  s t e e p  tercperature  l a p s e  ra te  
r e g i o n  w i t h i n  t h e  f i r s t  10 or so meters above t h e  ground would be  enhanced 
by changing t h e  s e n s o r  h e i g h t s  and adding  a n  a d d i t i o n a l  sensor. The poll 
sensor h e i g h t s  u t i l i z e d  d u r i n g  t h i s  r e p o r t i n z  p e r i o d  were 0, 0.3, 1, 2, 4, 8 
and 1 4  meters and t h i s  change h a s  produced t h e  d e s i r e d  r e s u l t ,  
2.3 Two-Axis Hot Wire Anemometer 
The- t h e o r e t f c a l  s t u d i e s  underway, which w e r e  d i s c u s s e d  i n  t h e  p r e v i o u s  r e p o r t  
and are d i s c u s s e d  f u t h e r  i n  t h e  p r e s e n t  r.eDort, have i n d i c a t e d  t h e  d e s i r a b i l i t y  
of measur ing  vertical wind v e l o c i t i e s  i n  d u s t  d e v i l s .  These  measurements 
p rov ide  impor t an t  i n f o r n a t i o n  r e q u i r e d  for an unde r s t and ing  of d u s t  d e v i l  
g e n e r a t i o n  mechanisms. Accord ingly ,  w e  beqan to  measure b o t h  t a n g e n t i a l  and 
v e r t i c a l  v e l o c i t i e s  w i t h  o u r  s i q l e - a x i s  h o t  w i r e .  This, however, involved  
q a k i n g  two p e n e t r a t i o n s  of  each  d u s t  d e v i l  and it  vas found t h a t  w i t h  much 
forward  n o t i o n  of t h e  d e v i l s  t h i s  was imposs ib l e  t o  do. A two-axis h o t  w i r e  
ameinonreter w i th  recorders was t h e r o € o r e  c o n s t r u c t e d  and c a l i b r a t e d  for b o t h  
v i n d  v e l o c i t y  magnitude and d i r e c t i o n a l  rrsFonse c h a r a c t e r i s t i c s .  T h i s  
i n s t r u m e n t  h a s  been u t i l i z e d  through most of t h e  p r e s e n t  r e p o r t i n g  pe r iod .  
2.4 BackRround Wind Velocity and Direction 
Recorders  have  been added t o  t h e  i n s t r u m e n t s  measuring background wind v e l o c i t y  
and d i r e c t i o n  so that con t inuous  r e c o r d s  cou ld  b e  ob ta ined .  This was c o n s i d e r e d  
to  be i m p a r t a n t  s ince  t h e n  L t  is p o s s i b l e  to f o d  for p o s s i b l e  c o r r e l a t i o n s  
between t h e s e  n ~ r : . , ~ i t i e s  and d u s l  d e v i l  a c t i v i t y .  
2.5 
The source of the c o n c e n t r a t e d  a n g u l a r  mmentum of a d u s t  devil is one of t h e  
major q u e s t i o n s  t o  be answered i f  t h e  n e c e s s a r y  c o n d i t i o n s  for d u s t  d e v i l  
Vorticity Xeter arid Dust Dev i l  R o t a t i o n  Counts 
e 
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format ion  a r e  t o  b e  e s t a b l i s h e d .  
As d i s c u s s e d  i n  S e c t i o n  2 of t h e  2nd i n t e r i m  r e p o r t ,  t h e  i n t e n s i t v ,  size, 
s e n s e  of r o t a t i o n  and l i f e t i m e  of a d u s t  d e v i l a r e p r o b a b l y  r e l a t e d  to  the 
magnitude and s e n s e  of t h e  a v a i l a b l e  background v o r t i c i t y  (i) i n  t h e  d u s t  
d e v i l ' s  environment.  The re fo re  two a d d i t i o n a l  o b s e r v a t i o n s  were added to t h e  
e 
f i e l d  program t o  try t o  de te rmine  t h e  s c a l e  and magnitude of 5,. 
The f i r s t  of t h e s e  was t h e  s t a t i o n i n g  of from 4 t o  6 o b s e r v e r s  i n  a f i n e  
p e r p e n d i c u l a r  t o  t h e  mean wind. T h e i r  a s s i g n n c n t  is t o  obse rve  a t  close hand 
as many d u s t  d e v i l s  as possible; r e c o r d i n g  t h e  t i m e  of o b s e r v a t i o n ,  l o c a t i o n ,  
d u s t  d i a n e t e r ,  s e n s e  of r o t a t i o n ,  and conments on t h e  shape ,  deg ree  of 
development,  d u r a t i o n ,  ete. The o b j e c t  of  t h e s e  o b s e r v a t i o n s  is to  o b t a i n  
s t 3 t i s t f c s  02 t h e  t empora l  and a r e a l  d i s t r i b u t i o n  o f  s e n s e  of r o t a t i o n ,  
s i z e ,  and d u r a t i o n .  These s t a t i s t i c s  can  give a f a i r  i n d i c a t i o n  of t h e  t i m e  
and s p a c e  scale  o f  Ce.  
Measurement of L d i r e c t l y  is a d i f f i c u l t  t a s k  u s i n g  s t a n d a r d  i n s t r u m e n t a t i o n .  
I n  view o f  t h i s  a new t y p e  of s e n s o r  was des igned .  T h i s  i n s t r u m e n t  c o n s i s t s  
of four 8 c m  d i a m e t e r  s t y r Q f o a n  s p h e r e s  mounted on t h e  ends  of two mutuallv 
p e r p e n d i c u l a r  one meter rods .  
p e r p e n d i c u l a r  t o  t h e  s h a f t  of a one t u r n ,  low-torque,  cont inuous  p o t e n t i o m e t e r  
w i red  as a v o l t a g e  d i v i d e r .  The o u t p u t  voltage is c o n t i n u o u s l y  r eco rded ,  
e 
The i n t e r s e c t i o n  of . t h e s e  rods  is mounted 
Each arm is ba lanced  and t h e  d e v i c e  nounted  t w o  n e t e r s  above t h e  ground 
w i t h  t h e  p l a n e  of t h e  arms l e v e l .  Mind t u n n e l  t e s t a  showed t h a t  t h e  d e v i c e  is 
i n s e n s f t i v e  t o  changes in wind d i r e c t i o n  and speed (below 6 5  km hr-') and 
responds  o n l y  to  h o r i z o n t a l  g r a d i e n t s  i n  h o r i z o n t a l  v e l o c i t y , , o r  r o t a r p  mot ion  
(ie i>. The s t a r t i n g  t h r e s h o l d  of t h e  d e v i c e  is n o t  known bur a p p e a r s  t o  be 
very  l o w .  uith t h i s  "vorticitv" meter, good indfcatlons of the  sense and 
magnitude of the  backeround rotation in the  v i c i n i t y  of the meter can be 
obtained. 
7 
3.0 FIELD DATA A!!D DISCUSSION 
3.1 Basic F i e l d  Data 
The basic  f i e l d  t empera tu re  d a t a  are g i v e n  i n  Appendix A .  These are for f i v e  
days  of o p e r a t i o n s  d u r i n g  t h i s  r e p o r t i n g  p e r i o d  and r e p r e s e n t  t h o s e  days where 
E e t e o r o l o g i c a l  c o n d i t i o n s  m e t  s t u d y  r equ i r emen t s .  The f i r s t  graph shown f o r  
e a c h  day  p r e s e n t s  t h e  t m p e r a t u r e  d a t a  o b t a i n e d  by t h e  a i r c r a f t  a t  77 ,  150..300, 
920 and 1540 mters a l t i t u d e  a s  a f u n c t i o n  of  t i m e .  The fo l lowing  g raphs  for.. 
ea& day  show t h e  t t i p e r a t u r ~  p r o f i l e s  w i t h  h e t g h t  a t  s e q u e n t i a l  t imes  d u r i n g  
the day. Ground t e n p e t a t u r e s ,  though mon i to red ,  are no t  shown. 
The wind v e l o c i t y  and d i r e c t i o n  d a t a  f o r  each  d a y  are shown i n  F i g u r e s  2 ,  S, 8 ,  
11, and 14. Dust d e v i l  f requency and s i z e  d a t a  as a f u n c t i o n  of t i m e  f o r  each 
day are shown i n  F i g u r e s  1, 4 ,  7 ,  10 and 13. F i g u r e s  1-15 a l s o  shw d e r i v e d  
q u a n t i t i e s  which will be d e f i n e d  s h o r t l y .  Data f o r  d u s t  d e v i l  wind v e l o c i t P e s  
are p r e s e n t e d  in Tab le  1. Xost column h e a d i n ~ s  are s e l f - e x p l a n a t o r y .  The 
q u a n t i t i e s  v a3d w r e s p e c t i v e l y  r e p r e s e n t  t h e  maximum t a n g e n t i a l  and 
maximum v e r t i c a l  (upward) wind v e l o c i t i e s  i n  t h e  d e v i l s ;  c refers to  c l o c k w i s e  
&3X max 
r o t a t i o n  looking t o d a r d  t h e  sur face  from above,  and cc refers t o  c o u n t e r c l o c k w i s e  
ro ta t ion .  The d u s t  d e v i l  d i ame te r  Riven is t h a t  of t h e  v i s i b l e  d u s t  column. 
me b a s i c  v o r t i c i t y  d a t a  are g i v e n  i n  FiRures 16-18. These f i g u r e s  show s e n s e  
of v o r t i c i t y  meter r o t a t i o n  ( 2  minu te  i n t e r v a l s )  and d u s t  d e v i l  r o t a t i o n  
d i r e c t i o n s  as a f u n c t i o n  of tiroe, f o r  t h r e e  days.  
3.2 Discuss ion  of F i e l d  Data 
3.2.1 Tempera tu re  P ro f  Iles 
The t e m p e r a t u r e  p r o f i l e s ,  Appendix A, when p l o t t e d  on a linear scale show t y p i c a l l y  
a steep t e m p e r a t u r e  1 rate region a d j a  t t o  t h e  ground o v e r l a i n  by a l a y e r  
8 
i n  which t h e  l a p s e  ra te  is s t i l l  s u p e r a d i a b a t i c  b u t  much l e s e  so, and f i n a l l y  
by a l a y e r  v h e r e  t h e  l a o s e  ra te  is d r y  t o  s u b - a d i a b a t i c .  The h e i g h t  of t h e  
h i g h l y  s u p e r a d i a b a t i c  l a y e r  h a s ,  t o  d a t e ,  a lways been about  10 meters. The 
h e i g h t  (h) t o  t h e  t o p  of t h e  o v e r l y i n g  s u p e r a d i a b a t i c  l a y e r  rangee from 8 few 
t e n s  of meters t o  s era1 hundreds of mete r s .  Both of t h e s e  l a y e r s  can b e  
approximated well b9  l i n e a r  t empera tu re  p r o f i l e s .  This approximation is 
u t i l - i z e d  whenever a p p l i c a b l e  i n  t h e  following d i s c u s s i o n s .  
3.2.2 hist Devil  F requenc ie s  and S i z e s  as a Func t ion  of Derived Temperature 
P r o f i l e  P a r a m e t e r s  
The p e r t i n e n t  d a t a  are  shown i n  F i g u r e s  1-15. The quantity AT is simply t h e  
t e r ape ra tu re  d i f f e r e n c e  between t h e  s e n s o r  a t  0.3 meters and t h e  t e a p e r a t u r e  a t  
t h e  h e i g h t  where t h e  l apse  ra te  is no longe r  s u p e r a d i a b a t i c .  The q u a n t i t y  h 
i s  t h e  h e i g h t  of t h e  t o t a l  s u p e r a d i a b a t i c  layer .  
d i f f e r e n c e  in t e m p e r a t u r e  between t h e  s e n s o r  a t  0.3 me te r s  and t h e  temperature  
a t  t h e  t o p  of t h e  h i g h l y  s u p e r a d i a b a t i c  layer (hs) a d j a c e n t  t o  t h e  ground. 
S i n c e  t h e  h e i g h t  of t h i s  layer h a s  always been  abou t  10 meters, ATs is d i r e c t l p  
The q u a n t i t y  ATs i s  t h e  
p r o p o r t i o n a l  t o  t h e  lapse ra te  i n  t h i s  l a y e r .  The f i n a l  q u a n t i t y  is dT/dZ. 
T h i s  i s  d e f i n e d  as t h e  t e n p e r a t u r e  d i f f e r e n c e  between t h e  top  of t h e  s u p e r  l a y e r  
a d j a c e n t  to t h e  ground (= 10 meters) and h ,  d i v i d e d  by h minus t h e  h e i g h t  of 
t h e  b a s e  layer. It d i r e c t l y  r e p r e s e n t s  t h e  l a p s e  rate i n  t h e  r a t h e r  t h i c k  
layer between the s t a b l e  atmnospherz above and the e x t r e m e l y  s u p e r a d i a b a t i c  l a y e r  
a d j a c e n t  t o  t h e  ground. 
The s e a r c h  for c o r r e l a t i o n s  is b e s t  done by s t u d y i n g  t h e  r e su l t s  €or given - 
days. 
Table 1A 
Dust Devil Penetra.ions for 3/28/68 
Background 
Kind (Ave.)  D 1 are ter max Y 
Time (hi hr‘l) (net ers ) (kin hr-‘) 
1224 < 5  10-15 19 
1235 . -  7-8 6-8 11 
14 26 6 30 25 
Table 1B 
D u s t  Devil Penetrations f o r  5 / 3 / 6 8  
Background 
Wind (Ave.) 
T i m e  (km hr-’) 
1325 < S  
1336 12 
W max - 
(km hr 
Dl rec tion 
Of 
I) Rotation 
N o  
measurement C 
KO . - 
neas uremn t C 
NO 
measur emen t cc 
Diameter 
(met e r s 1 
Direct ion 
V v 
(km hr-’) (km hr-l  R o t  a t  ion 
rnax W X  of 
< 1  4.5 NO C 
Measurement 
6-8 32 
T a b l e  1C 
Dust Devil Penetrations for 6/13/68 
NO C 
Measurement 
Background U Direct i o n  
V Wind (A  e . )  Diameter rnax max of 
Time (km hr-’) (meters) (kn hr-’) (km h r - 5  Ratation 
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The a p p l i c a b l e  d a t a  a r e  q i v e n  i n  F igu res  1-3. The day was clear w i t h  
very l i t t l e  wind. What wind t h e r e  was came most lv  from t h e  n o r t h .  
A t o t a l  of 4 8  d u s t  d e v i l s  e n t e r e d  t h e  coun t ing  a r e a  ( Z  600 x 200 meters). 
-_I_- 
The d u s t  d e v i l  f r eauency  and s i z e  d a t a  a r e  shown i n  Figure 1. They a r e  
p l o t t e d  as t o t a l  i n  c o u n t i n g  a r e a ,  and those  w i t h i n  150, 60, and  30 
aeters of t h e  s t a t i o n  ( v o l e  for t e n n e r a t u r e  measurement). The t v p e  of 
nark used i n d i c a t e s  d u s t  d e v i l  d i ame te r .  I t  is  s e e n  t h a t  t h e  d e v i l s  
cluster I n t o  t w o  n a i n  groups ( i n  t i n e )  w i t h  two s u b s i d l a r v  groups. 
Also note t h a t  t h e  p e r i o d  a round 1200 involved  equlpment ( b a l l o o n )  
d i f f i c u l t i e s  which Involved  t h e  e n t i r e  f i e l d  c r e w  so t h a t  c o u n t s  are 
l a c k f n g  and t h e  s u b s i d f a n  peak a t  1140  may be p a r t  of t h e  major peak 
a t  1230. 
The 1239 peak i n  f r equencv  is precceded bv a Rradual  i n c r e a s e  in AT, h 
and dT/dZ. I t  also o c c u r s  s f n u l t a n e o u s l y  w i t h  a peak i n  AT . Note t h e  
t i m e  l a g ,  however. between t h e  bT and h peaks and t h e  f r equency  peak ,  
&T and h r each ing  a maximum earlier. S o t e  a l s o  t h a t  dTfdZ reaches a 
S 
m i n i m u m  c o i n c i d i n g  w i t h  t h e  f r equency  maximum. Fol lowing  t h i s  f requency  
maximum, t h e  a c t i v i c v  d i m i n i s h e s  and then  a b r u p t l y  ceases. This c e s s a t i o n  
o c c u r s  a t  a minimum f o r  AT s h o r t l y  a f t e r  a mfnimum i n  AT, b u t  as dT/dZ 
is r each ing  a maximum. T h i s  o s c i l l a t i n g  behav io r  c o n t i n u e d  durinp,  t h e  
remainder  of t h e  day. 
S I  
I t  a?pears  from t h i s  t h a t  d u s t  d e v i l  a c t i v i t y  i n c r e a s e s  a t  AT i n c r e a s e s ,  
t h a t  is, a s  t h e  layer a d j a c e n t  t o  t h e  qround becomes more u n s t a b l e .  
Converse lv ,  dT/dZ a p p e a r s  t o  behave i n v e r s e l y  t o  d u s t  d e v i l  a c t i v i t y .  A 





The a p p l i c a b l e  d a t a  a r e  g iven  i n  F i g u r e s  4 - 6 .  The day was clear  e x c e p t  
for two b r i e f  i n t e r v a l s  of  shade.  A t o t a l  of o n l y  16 d u s t  d e v i l s  e n t e r e d  
-1 t h e  c o u n t i n a  area. A f a i r l y  s t e a d y  wind auer 'aging between 1Q-20 km hr , 
b u t  h i s h l y  v a r i a b l e  i n  d i r e c t i o n ,  was p r e s e n t  a l l  day. The d u s t  d e v i l s  
f a l l  i n t o  t v o  b a s i c  a c t i v i t y  g roups ,  one b e t v e e n  1200-1300 and t h e  0the.r  
from 1330-1430. I t  1 s  seen t h a t  both neaks cor re spond  to maxima of  AT 
S '  
and t h a t  t h e  q u i e t  p e r i o d  corresponds t o  a AT nininum. There I s  some 
S 
i n d i c a t i o n  of t h e  i n v e r s e  behav io r  of dTfdZ n o t e d  p r e v i o u s l y ,  p a r t i c u l a r l y  
w i t h  r e g a r d s  t o  those d u s t  d e v i l s  w i t h i n  150 aeters of t h e  s t a t i o n .  
6-13-68 
The a p p l i c a b l e  d a t a  are g i v e n  i n  F i g u r e s  7-9. 17ie day was c l e a r  w i t h  a 
s t r o n g  north wind of about  20-30 kn hr-' b l o v i n q  t h e  e n t i r e  d a y .  Only 
22 d u s t  d e v i l s  appeared i n  t h e  coun t ing  area. The q u a n t i t v  AT d i d  n o t  
S 
change much d u r i n g  t h e  dav ,  nor  d i d  d u s t  d e v i l  f requencv.  There is, 
however, a s m a l l  f r equency  maximum between 1220 and 1310 co r re spond ing  
t o  a b road  maxircurn of AT . There also is a b r i e f  f requencv minimum a t  
9 
abou t  1330 correspondinE t o  a AT minimum. So c o r r e l a t i o n  between a c t i v i t y  
and d T / d Z  is e v i d e n t  excep t  for  t h e  i n i t i a l  r a p i d  i n c r e a s e  i n  dT/dZ a t  t h e  
b e g i n n i n g  of t h e  dav. 
S 
6-2 6-68 --  
The a p p l i c a b l e  d a t a  are S iven  i n  F i g u r e s  10-12, The day was clear; a lso 
calm during t h e  e a r l y  morning. The wind, p i c k i n g  up  about  1110, was highly 
v a r i a b l e  i n  b o t h  v e l o c i t y  and d i r e c t i o n  w i t h  a R e n e r a l  t r e n d  of i n c r e a s i n g  
velocity v i t h  time. A t o t a l  cf SO d u s t  d e v i l s  aDpeared i n  t h e  c o u n t i n g  
area. Almost all of t h e s e  were s i g n i f i c a n t l y  less  t h a n  2 meters i n  d i a m e t e r  
29 
(a p o s s i b l e  f a c t o r  i n  t h e  l a q e  number of very s m a l l  d u s t  d e v i l s  obse rved  
is t h a t  t h e  c o u n t i n g  area vas sc raped  a t  t h e  b e g i n n i n c . o f  t h e  day t o  
produce l o o s e  d u s t ,  most of t h e  p rev ious  d u s t  hav ing  been blown away 
d u r l n s  w i n d s t o m s  t h e  p r e v i o u s  week). D u s t  d e v i l  a c t i v i t v  was r e l a t i v e l y  
c o n s t a n t  a f t e r  a c t i v i t v  began. The l a r g e r  d u s t  d e v i l s ,  p a r t i c u l a r l y  
w i t h i n  150 meters of t h e  s t a t i o n ,  d i d  however shov a tendency to i n c r e a s e  
in f requency in the a f t e r n o o n .  The q u a n t i t y  ATS, thouqh q u i t e  v a r i a b l e ,  . 
a l s o  i n c r e a s e d  s l c r ~ l v  w i t h  t i m e .  Cons ide rab le  v a r i a t j o n  was no ted  for 
dT/dZ. 
6 - 2  7-68 ---___ 
The a p p l i c a b l e  d a t a  are Riven i n  F igu res  13-15. The dav w a s  clear. A 
s t e a d y  wind of a v e r a g e  v e l o c i t y  about  20  kn h r  was p r e s e n t  all day, 
blowing  almost s o l e l v  f r o m  t h e  west. A t o t a l  of 108 d u s t  d e v i l s  apneared 
i n  t h e  c o u n t i n q  area. Dust d e v i l  a c t i v i t y  was r e l a t i v e l v  c o n s t a n t  a f t e r  
1100, b u t  s e v e r a l  small maxima and minima are  e v l d e n t .  These cor re spond  
w e l l  w i t h  maxima and minima i n  ATB. 
b u t  i t  does show fairly c l e a r l y  t h e  i n v e r s e  b e h a v i o r ,  t e n d i n g  toward a 
-1 
The q u a n t i t y  dT/dZ was h ie l i l y  v a r i a b l e ,  
maximum w i t h  d e c r e a s i n G  a c t i v i t y  and a minimum w i t h  i n c r e a s i n g  a c t i v i t y .  
Surma% 
The d a t a  t u  d a t e ,  for d u s t  devil f r equency  as r e l a t e d  t o  t e m p e r a t u r e  p r o f i l e  
-- 
c h a r a c t e r i s t i c  i n d i c a t e  that 
a. D u s t  d e v i l  f r e q u e n c y  is c o r r e l a t e d  with AT8,the t e m p e r a t u r e  l a p s e  
i n  the h i g h l y  s u p e r a d i a b a t i c  l a y e r  a d j a c e n t  t o  t h e  s u r f a c e ,  a c t i v i t y  
i n c r e a s i n g  as ATs increases. 
o r  no wind is p r e s e n t .  lt a l s o  h o l d s  f a i r l y  w e l l  when t h e  wind is 
s t e a d y ,  b u t  t h e  cor re la t ion  is n o t  as d e f i n i t e  when t h e  wind is 
T h i s  c o r r e l a t i o n  h o l d s  bes’t when l i t t l e  
h i s h l y  v a r i a b l e  i n  v e l o c i t y .  For t h i s  l a t t e r  c o n d i t i o n  t h e  t empera tu re  
* 
p r o f i l e s  underqo c o n s i d e r a b l e  v a r i a t i o n  and t h i s  is a p o s s i b l e  
cause fo r  d e c r e a s e d  d e f i n i t i v e n e s s  i n  t h e  c o r r e l a t i o n  ( a s  vi11 
be  n o t e d  i n  a s u b s e a u e n t  s e c t i o n ,  d u s t  d e v i l  f requency a l so  
a p p e a r s  t o  depend on a t m o s p h e r i c  v o r t i c i t y ) .  
b. T h e r e  a p p e a r s  to  b e  an i n v e r s e  c o r r e l a t i o n  between d u s t  d e v i l  
f r e q u e n c y  and dT/dZ ( t h e  t empera tu re  lapse r a t e  i n  t h e  s u p e r a d i a b a t i c  
l a y e r  above t h e  h i g h l y  s u p e r  s u r f a c e  l aye r ) ,dT /dZ  r e a c h i n g  a minimum 
when a c t i v i t v  is a maximum. This is p a r t i c u l a r l y  e v i d e n t  u n d e r  
l i g h t  and s t e a d y  wind c o n d i t i o n s .  A likely e x p l a n a t i o n  for tSis is 
t h a t  t h e  minimum is produced by h e a t  t r a n s f e r r e d  upward d u r i n g  
dust: d e v i l  a c t i v i t y ,  whereas t h e  l a p s e  ra te  i n  t h i s  l a y e r  r e c o v e r s  
when a c t i v i t y  ceases, 
v a r i a b l e  a n d / o r  v e r v  s t r o n g  w i n d  c o n d i t i o n s  cou ld  b e  due t o  t h e  
The d e c r e a s e  i n  i n v e r s e  c o r r e l a t i o n  unde r  
i n c r e a s e d  l r e c h a n i c a l  t u r b u l e n c e  and mixing produced. 
C o r r e l a t i o n s  o f  dust d e v i l  f r equencv  have been made f o r  given davs. C o r r e l a t i o n s  
between d a v s  have  n o t  as v e t  been  a t t e m t e d  because of (a) t h e  v a r i a b i l i t y  of the 
g e n e r a l  m e t e o r o l o q i c a l  c o n d i t i o n s ,  such as area v o r t i c i t y ,  between davs and (b) 
the v a r i a b i l i t y  in t h e  arnounr of loose d u s t  p r e s e n t  at t h e  s u r f a c e .  
3.2.3 Dust D e v i l  Wind Velocitv C o r r e l a t i o n s  
A s e a r c h  has b e e n  made f o r  p o s s i b l e  c o r r e l a t i o n s  b e t v e e n  d u s t  d e v f l  wind 
v e l o c i t i e s  and ( a )  background ( e n v i r o m e n t a l )  wind v e l o c i t y ,  (b)ATS/hs* (c) 
dT/dZ, and (df d u s t  d e v i l  d i ame te r .  
BackP round Wind 
The q u a n t i t v  v (maximum t a n g e n t i a l  wind v e l o c i t y  i n  t h e  d u s t  d e v i l )  is 
- - - - - -  
max 
'. 
3 1  
p l o t t e d  v e r s u s  backizround wind v e l o c i t y  i n  FiRure 19.  Dus t  d e v i l  d iameter  
w a s  h e l d  c o n s t a n t .  It is s e e n  t h a t  t h e r e  is a n  a p p a r e n t  d e c r e a s e  i n  v a s  
background wind i n c r e a s e s .  On t h e  o t h e r  hand w ( t h e  rnaximuro v e r t i c a l  
v e l o c i t y  i n  t h e  d u s t  d e v i l )  a m e a r s  t o  b e  u n a f f e c t e d  ( F i e u r e  20). These w e r e  
t h e n  p l o t t e d  a g a i n , b u t  holdin: dT/dZ c o n s t a n t .  This was Cone s i n c e  t h e  back- 
%round wind could  a f f e c t  t h e  lapse ra te  which could t h e n  a f f e c t  t h e  d u s t  d e v i l  
wind v e l o c i t i e s  ( i d e a l l v  one  would l i k e  t o  h o l d  l a p s e  ra te  and d i ame te r  b o t h  
c o n s t a n t  b u t  t h e r e  are as y e t  i n s u f f i c i e n t  d a t a  t o  d o  t h € s ) .  The r e s u l t s  f o r .  
V are shown i n  F i g u r e  21. T t  is s e e n  a g a i n  t h a t  v d e c r e a s e s  a s  t h e  
background wind v e l o c i t y  i n c r e a s e s .  
u n a f f e c t e d .  This is t h e  t v p s  of behav io r  one would e x p e c t  i f  the magnitude of 
w i s  detercl ined p r i n c i p a l l y  by bouyancy while t h e  maqnltude of v depends 
max 
m a x  
max m ax 
On t h e  o t h e r  hand wmax ( F i g u r e  22)  i s  
largely upon t h e  c o n c e n t r a t i o n  of a n g u l a r  nonentum, t h i s  c o n c e n t r a t i o n  b e i n g  
impeded by t h e  d f s r u p c i v e  i n f l u e n c e  of t h e  v i n d  and a s s o c i a t e d  t u r b u l e n c e .  
This c o u l d  b e  o n e  reason why i t  has  been  obse rved  by  many investigators t h a t  
d u s t  d e v i l  f o r m a t i o n  is i n h i b i t e d  w i t h  h i g h  background winds.  (A second p o s s i b l e  
c o n t r i b u t i n g  mechanism is t!iat,wi t h  turbulence ,  a n  i n c r e a s e d  m o u n t  of  h e a t  
t r a n s f e r  is  accompl ished  by t u r b u l e n t  mixfnq, w i t h  a d e c r e a s i n g  n e c e s s i t y  f o r  
o p e r a t i o n  of t h e  d u s t  d e v i l  and "thermal" modes). 
ATs /h 
No e v i d e n t  c o r r e l a t i o n  w a s  found between hT /h t h e  t empera tu re  l a D s e  rate i n  





The a p p l i c a b l e  d a t a  are shown i n  Tab le  2 .  I n  t h i s  t a b l e  t h e  d u s t  d e v i l s  are 
grouved by d iameter .  It is i m x d i a t e l y  seen  t h a t ,  w i t h  t h e  e x c e p t i o n  of 
---
32 
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TABLE 2 
Dependence of Vust D e v i l  U i n d  Velocities 
on Lapse Rate i n  Superadiabatic Layer 
for Given Diameter 
dT/dZ 
-1 Lapse Rate ('C m ) 

























4.3 ( 2 )  
4.6 





4 .6  
9 . 7  ( 2 )  
9 . 2  
,011 8.9 (4) 
,018 11 
,020 32 















3 . 3  
3 .6  ( 3 )  
6 . 0  ( 2 )  
< 0.7 
1.3 (3) 
2 . 4  













** Values i n  brackets indicate number of samples  
t 
d i a m e t e r s  less t h a n  one  meter, w increases as dT/dZ increases,  for a Riven 
d i ame te r .  Conversely,  t h e r e  is no t r e n d  e v i d e n t  f o r  v e x c e p t  p o s s l b l v  for 
max 
m a x ”  
t h e  l a r g e r  d i ame te r s .  The re  are t w o  l i k e l y  r e a s o n s  why t h e  w c o r r e l a t i o n  max 
f a i l s  a t  the smallest d i a rne te r s .  F i r s t ,  i t  is d i f f i c u l t  to p e n e t r a t e  t h e s e  
small d e v i l s  p r o p e r l y  and t h e  i n s t r u m e n t  and o p e r a t o r  have a s i g n i f i c a n t  
d i s r u p t i v e  e f f e c t  upon them. Second, t h e s e  s m a l l e s t  of d e v i l s  are most s e n s i t i v e  
t o  local e d d i e s  and o t h e r  p e r t u r b a t i v e  i n f l u e n c e s .  
The f i n d i n g  t h a t  w i n c r e a s e s  as dT/dZ i n c r e a s e s  provides s t r o n g  ev idence  for 
t h e  role of bouyancy f o r c e s  i n  d u s t  d e v i l  g e n e r a t i o n  and p r o v i d e s  d a t a  f o r  
de te rmining  t h e  f u n c t i o n a l  dependence. 
provides i n d i r e c t  e v i d e n c e  t h a t  v is determined p r i m a r i l y  by t h e  a tmosphe r i c  
max 
Tha t  vmax is  n o t  so c o r r e l a t e d  
max 
a n g u l a r  momentum a v a i l a b l e  ( v o r t i c i t y  cou ld  n o t  be s o l e l v  responsible s ince  
the s u r f a c e  a r e a  from which a n g u l a r  momentum can b e  c o n c e n t r a t e d  w i l l  
depend upon t h e  rate a t  which mass is  t r a n s f e r r e d  upward. 
Dust Devi l  Xarneter 
I n s p e c t i o n  of Tab le  2 shows t h a t  vmax h a s  a dec ided  tendency t o  i n c r e a s e  as 
d u s t  d e v i l  d i a m e t e r  i n c r e a s e s .  T h i s  i s  i n  acco rd  w i t h  t h e  c o n c l u s i o n  reached 
i n  t h e  p r e v i o u s  r e p o r t .  Conver se ly ,  w shows no such  tendency.  This p r o v i d e s  
max 
f u r t h e r  ev idence  t h a t  w is dependent  upon bouyancp f o r c e s  which themselves  





3.2.4 Atmospheric V o r t i c i t y  C o r r e l a t i o n  v i t h  Dus t  Devil R o t a t i o n  
The r o t a t i o n  c e n s u s  and v o r t i c i t v  meter d a t a  are shown i n  F i g u r e  16-18. The 
v e r t i c a l  s c a l e  o n  each is t h e  v o r t i c i t y  me te r  two minu te  t r e n d s  and the 
h o r i z o n t a l  a x i s  is time. Up r e p r e s e n t s  a c o u n t e r c l o c k w i s e  t r e n d  ( f i l l e d  in 
s e c t i o n s ) ;  down r e o r e s e n t s  a c lockwise  t r e n d  ( l i n e d  s e c t i o n s ) .  The s c a l e  s l i m  
for  v o r t i c i t y  (0-3) has t h e  fo l lowing  meaning: '1' c o r r e s p o n d s  t o  r e v o l u t i o n s  
per  minute  of between 0 .1  and 0.5; ' 2 ' ,  between 0.5 and 1.0; and ' 3 ' ,  g r e a t e r  
than 1.0. Dust d e v i l  coun t s  are  p l o t t e d  above and below each v o r t i c i t y  p l o t ,  
t h o s e  above r e p r e s e n t i n g  d u s t  d e v i l s  w i t h  c o u n t e r c l o c k w i s e  r o t a t i o n ,  t h o s e  
below r o t a t i n g  clockwise.  Those shown as d o t s  w e r e  o v e r  100 n e t e r s  from t h e  
s t a t i o n ,  those shown as c r o s s e s  were w i t h i n  L O 0  meters. Those d u s t  d e v i l s  
c i r c l e d  r o t a t e d  in a s e n s e  opposite t o  t h e  v o r t i c i t y  meter. I n  a lmost  a l l  cases 
analyzed t h u s  fa r  t h e s e  'lanamolous" d u s t  d e v i l s  w e r e  q u i t e  small ( c  1 meter) 
and s h o r t  l l v e d ,  and/or occur red  d u r i n g  a p e r i o d  where very  l i t t l e  v o r t i c i t y  
was p r e s e n t .  This would i n d i c a t e  t h a t  m a l l ,  l o c a l  g u s t s  were r e s p o n s i b l e .  
The r o t a t i o n  census  d a t a  i n d i c a t e  r a t h e r  s t r o n g l y  t h a t  t h e  d i r e c t i o n  of d u s t  
d e v i l  r o t a t i o n  is c o r r e l a t e d  t o  background v o r t i c i t y .  C o r r e l a t i o n  checks  w e r e  
made b v  t a k i n g  t h o s e  d u s t  d e v i l s  o c c u r r i n g  during t iws  of s i g n i f i c a n t  t r e n d s  





C o r r e l a t i o n  C o e f f i c i e n t  
A I  1 %at 
+ 0.45 + 0.80 
-.--- 
+ 0.39  + 0 .22  
+ 0.41 + 0.52 
f 
Note t h a t  t h e s e  w e r e  o b t a i n e d  us ing  all d u s t  d e v i l s .  As no ted  above,  many of 
t h e  "anamolous" d e v i l s  w e r e  ve ry  s m a l l  and s h o r t  l i v e d ,  Removal of t h e s e  from 
t h e  c o u n t s  would s i g n i f i c a n t l v  i n c r e a s e  t h e  c o r r e l a t i o n  c o e f f i c i e n t s .  This is 
p a r t i c u l a r l y  so f o r  6-26 where s e v e r a l  occur red  a t  t h e ' s t a t i o n  and cou ld  have 
been  f a m e d  through v o r t i c i t y  produced i n  t h e  a i r  stream by s t a t i o n  equipment .  
?lore d e t a i l e d  s t u d i e s  a r e  underway, b u t  a r e  not  far enough a l o n g  t o  be  i n c l u d e d  
i n  t h i s  r e p o r t .  These p r e l i m i n a r y  s t u d i e s ,  hovever ,  i n d i c a t e  t h e  role  p l a y e d  
by background v o r t i c i t y  i n  d u s t  d e v i l  x e n e r a t i o n .  
3.2.5 Armospheric  V o r t i c i t y  C o r r e l a t i o n  w i t h  D u s t  Devil Frequency 
I t  was no ted  i n  S e c t i o n  3.2.2 t h a t  d u s t  d e v i l  f r equency  w a s  c o r r e l a t e d  w i t h  
b T s .  
also. On 6-13 very  f e w  d u s t  d e v i l s  appeared.  A t  t h e  same t i n e ,  v o r t i c i t y  
The v o r t i c i t y  d a t a  i n d i c a t e  a p o s s i b l e  c o r r e l a t i o n  w i t h  v o r t i c i t y  magni tude  
magnitude r a r e l v  exceeded a fcw t e n t h s  of a r e v o l u t i o n  p e r  minute .  Xany more 
d u s t  d e v i l s  appea red  on  6-26 and t h e  g r e a t e s t  n u r b c r  anpeared  on  6-27. V o r t i c i t y  
magnitude i n c r e a s e d  c o r r e s p o n d i n g l y .  
manner i n  F i g u r e  16-18. 
T h i s  c o r r e l a t i o n  can  b e  s e e n  in a g e n e r a l  
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4 . 1  Dust Dev i l  Yechanisma 
The r e s u l t s  of  p a r t i c u l a r  i n t e r e s t  t o  d a t e  are: 
a) Dust d e v i l  f requency a p p e a r s  t o  be a f u n c t i o n  of  AT and v o r t i c i t y .  
b) The maximum v e r t i c a l  v e l o c i t v  a p p e a r s  t o  be a f u n c t i o n  of aT/,  2 and 
s 
independent  of d u s t  d e v i l  d i a m e t e r .  
c) n e  maximum t a n g e n t i a l  wind v e l o c i t y  a p p e a r s  t o  b e  independen t  of 3 T / a Z .  
d) Dust d e v i l  r o t a t i o n  a p p e a r s  t o  c o r r e l a t e  w i t h  background v o r t i c i t y .  
e) For a given  d i a r r e t e r ,  t h e  maximum t a n g e n t i a l  v e l o c i t y  a p p e a r s  to  
d e c r e a s e  as background wind v e l o c i t y  i n c r e a s e s .  
F ind ing  (a) p r o v i d e s  s t r o n g  enpi r ica l  support f o r  the t h e o r e t i c a l  arguments  
p r e s e n t e d  i n  t h e  p r e v i o u s  report which concluded t h a t  t h e  n e c e s s a r y  c o n d i t i o n s  
f o r  d u s t  d e v i l  f o r n a t i o n  are a n  u n s t a b l e  t h e r m a l  s t r a t i f i c a t i o n  and s u f f i c i e n t  
e n v i r o n n e n t a l  a n z u l a r  monentun available f o r  t h e  spin-up p r o c e s s .  I t  is 
i n t c r e s t i n x  t o  n o t e  t h a t  d u s t  d e v i l  f r equency  is more dependent  on t h e  i n s t a b i l i t y  
n e a r  t h e  ground t h a n  on t h a t  of t h e  whole u n s t a b l e  l a v e r .  This i m p l i e s  t h a t  
t h e  t r i g g e r i n g  mechanism m u s t  e x t e n d  s u f f i c i e n t l y  close t o  t h e  ground t o  t a p  
t h i s  ene rgy ,  and t h a t  d u s t  d e v i l  f o m a t i o n  and maintenance r e q u i r e s  g r e a t e r  
buoyant  e n e r g y  t h a n  t h e  more p r e v a l e n t  plume or bubb le  c o n v e c t i v e  modes ( t h e s e  o t h e r  
modes a h 0  do no t  r e q u i r e  e n v i r o n m e n t a l  a n g u l a r  momentum). This i m p l i c a t i o n  
is enhanced by the f a c t  t h a t  as t h e  v o r t i c a l  motion i n c r e a s e s ,  t h e  r a d i a l  i n f l o w  
is i n c r e a s i n g l y  c o n f i n e d  t o  the l o v e s t  l e v e l s  SO t h a t  t h e  u p d r a f t  a i r  s u p p l y  is 
d e r i v e d  from t h e  v e r y  buoyant air near t h e  ground. 
\ 
F i n d i n g  (b) i n d i c a t e s  t h a t  t h e  maximum v e r t i c a l  v e l o c i t y  a t t a i n a b l e  in the core 
w i l l  depend on the v e r t i c a l l y  i n t e ~ r a t e d  buoyancy, which w i l l  be de te rmined  
p r i n c i p a l l v  bv the t h i c k  s u p e r a d i a b a t i c  layer o v e r l v f n g  t h e  thin h i g h l y  supe r -  
a d i a b a t i c  layer a d j a c e n t  t o  the s u r f a c e .  
The a p p a r e n t  independence of v and dT/dZ [F indinq  ( c ) ]  wou 
Finding  ( b ) , i n d i c a t e  a n  independence of v on w . I f  so, 
c o n t r a r y  t o  t h e  h y p o t h e s i s  t h a t  u p d r a f t  produces v o r t i c i t y  co 
produces t h e  spin-up.  However, s i n c e  t h e  u p d r a f t  i n  a 
d e v i l  i s  conf ined  t o  a s m a l l  a r e a ,  t h e  i n c r e a s e d  v e r t i c a l  mass f l u x  a s s o c i a t e d  
w i t h  an  i n c r e a s e  i n  w r e q u i r e s  on ly  a r e l a t i v e l y  s m a l l  i n c r e a s e  i n  in f low rate 
and e x t e n t  due to t h e  much larger s o u r c e  a rea .  Thu 
max' much less a f u n c t i o n  of dT/dZ than  is w 
d a t a  is a t  p r e s e n t  too l a r g e  t o  de tec t  3ny f u n c t i o n a l  dependence of v on dT/dZ. 
max 
max W X  
vmax is  expec ted  t o  be 
U n f o r t u n a t e l y ,  t h e  s c a t t e r  i n  t h e  
max 
The c o r r e l a t i o n  between observed  s e n s e  of r o t a t i o n  of d u s t  d e v i l s  and the 
background v o r t i c i t v  [F ind ing  ( d ) ]  as well as add ing  more s u p p o r t  t o  t h e  , 
p r e v i o u s  conrments, g i v e s  sone I n d i c a t i o n  of t h e  s c a l e  of C, and i t s  source .  
The most obvious  f e a t u r e  of t h e  c o r r e l a t i o n  is t h a t  on r h e  1 3 t h  and 27th  t h e  
c o r r e l a t i o n s  are h i T h e r  t h a n  on t h e  26th a n d  they  improve if one c o n s i d e r s  on ly  
t h e  near d u s t  d e v i l s .  On t h e  26th t h e  c o r r e l a t i o n  is worse for t h e  n e a r  d u s t  
d e v i l s .  Although t h e  sample i s  small, t h i s  i m p l i e s  t h a t  on windy days t h e  s c a l e  
of 5 ,  is l a q e r  t h a n  on calm days.  
1, 4, 7 ,  10, and 13 i n d i c a t e  t h e  tendency for d u s t  d e v i l s  t o  occur  i n  Rroups. 
The d u s t  d e v i l  o c c u r r e n c e s  p l o t t e d  i n  Figs. 
Also,  t h e r e  is a tendency for t h e s e  d u s t  dev i l  groups  t u  o c c u r  with i n c r e a s e s  
i n  t h e  wind speed  1.e. on t h e  l e a d i n g  edges of "gusts". (This  tendency I s  shown 
most clear ly  on t h e  o r i 8 i n a l  wind v e l o c i t v  r e c o r d i n e s , )  These f i n d i n g s  t aken  
t o g e t h e r  s t r o n g l y  suggest  t h a t  C, i s  due t o  t h e  shear of t h e  h o r i z o n t a l  wind 
ndary of *'gust" eleme ces of these g u s t  elements probably  
range  from t h o s e  produced by l o c a l  convec cells, to  terra 
t o  l a r g e  mesoscale phenomena such as  t h e  sea b r e e z e  f r o n t ,  with t h e  importance 
of each dependent  on t h e  mean backcround wind. 
4 3  
Find ing  (e) i s  i n t e r p r e t e d  as a r e f l e c t i o n  of t h e  r o l e  of f r i c t i o n .  When the 
background wind is l o w ,  t h e  amount of t u r b u l e n t  momentum exchanp,e is small 
and c o n f i n e d  t o  t h e  v e r y  lowest l a y e r s .  I n  such a n  environment t h e  d i s s i p a t i o n  
o f  a n q u l a r  momentum d u r i n g  t h e  converKence p r o c e s s  i s ' r n in ima l  so one would 
e x p e c t  a h i g h e r  t a n g e n t i a l  v e l o c i t y  (for a g i v e n  d u s t  d e v i l  d i a m e t e r ) .  As t h e  
background wind i n c r e a s e s ,  t h e  d e p t h  and maqnitude of t u r b u l e n t  d i s s i p a t i o n  of 
momentum i n c r e a s e s  i n  g e n e r a l  and t h i s  is r e f l e c t e d  i n  t h e  loss of angular 
momentum f o r  t h e  d u s t  d e v i l .  
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4 .2  Computer  C a l c u l a t i o n s  of Temperature Lapse Rates on Xars 
Dete rmina t ion  of t h e  t e m p e r a t u r e  lapse rates t h a t  cou ld  o c c u r  in t h e  lower H a r t t a n  
atmosphere is impor t an t  to t h i s  prograra s i n c e  these l a p s e  rates play an i n p o r t a n t  
role i n  de t e rmin ing  whethe This sectioa 
d e s c r i b e s  a model for  computing t h e  diurnal v a r i a t i o n  of t empera tu re  and p r e s e n t s  
sane of t h e  r e s u l t s  obtained t o  d a t e .  
r n o t  d u s t  d e v i l s  could o c c u r  on Mars. 
Atmospheric  t e m p e r a t u r e  changes  are assumed t o  be due p r i n a r i l y  t o  turbulent h e a t  
t r a n s f e r  p r o c e s s e s  i n  t h e  v e r t i c a l  d i r e c t i o n  (radiative transfer end a d v e c t i o n  
have been i g n o r e d  for the p r e s e n t  c a l c u l s t i o n s ) .  
r a d i a t i o n ,  t u r b u l e n t  h e a t  t r a n s f e r ,  s n d  c o n d u c t i v e  h e a t  exchange with t h e  s u b s u r f a c e  
l a y e r - i s  asewwd. Tearperature changes i n  t h e  s u b s u r f a c e  layer are due t o  m o l e c u l a r  
conduc t ion  of h e a t ,  t h e  thermal d i f f u s i v i t y  of the Martian soil b e i n g  sseuned 
/ 
A t  t h e  s u r f a c e  a b a l a n c e  of n e t  solar 
constant w i t h  d e p t h  and t i e .  
The rate of temperature change at any s u b e u r f a c e  l e v e l  is 
where Z i o  t h e  depth i n  t h e  soil, t is t i m e ,  T is t h e  t e m p e r a t u r e  of t h e  soil, and 
E. is t h e  the rma l  c o n d u c t i v i t y  of t h e  so i l  (iissuraed c o n s t a n t ) .  
The rate of t e m p e r a t u r e  change in t h e  atmosphere due to t u r b u l e n t  h e a t  t r a n s f e r  
is 
1 I (2) 
4 
v h e r e  T' ia t h e  t e m p e r a t u r e  of the a m o s p h e r e ,  Z' is h e i g h t ,  K'(2) is t h e  eddy 
d i f f u e i v i t y  (varied with h e i g h t ) ,  and r l a  t h e  adiabatic lapse rate. 
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The boundary condition equation i s  
where 
( J m  





c =  
P 
A *  
.. 
so 
S tefan-Boltanan constant 
emissivity of the surface 
thermal d i f f u s i v i t y  (near surface) 
e d d y  diffusivity (near surface) 
density of air 
heat capacity of air 
planetary 81bedO 
solar radiation gt surface. 
., 
c 
Equations 1-3 are put  in finite difference form for solution on the Dnivac 1108 
digital computer. The Dufert-Fre-ckel finite difference fipproid_nrattcm is w e d  for 
4.1 , and an extrapolstion of this difference approxhnatitw is used for  Eq. 2. 
The f i n i t e  difference equations are 
and 
T -T t m-1 
L 8 B  1 &;+I - K' j-1 )(TSm j+l - T T m  j-1 -t 2 r A Z ' )  
2At 4 ( A 2 ' )  
ubere the subscript re fers  to distance and the superscript  to tim. Equations (1') 
and T'*' respec t ive ly  to give 
j 3 and(2') cza be solved for T 
46 
. (A2 ') 
The finite difference analog of Eq. 3 
The r o o t ,  T sa t i s fy ing  ( 3 ' )  I s  found.This To is the  surface temperature for the 
t h e  fteratictr under consideration. Subsurface and air tmperatures are obtained 
by solving (1") and ( 2 " )  going up tad  down from the surface. 
0' 
The numerical values used in the computations are: 
3 2  K8 - 2 . 5 0 ~ 3 4  CIQ / see  
4 2  5 . 2 d O  cm /eec 
3 2  l x lo  cm /see 
To'T20 meters 
T 2 T ~ ~  rrsecers 
Ki = 
E " .85 
A - .15 
A2 - 0.2 am 
LIZ'- 2,000 cm 
At - 61.5574 sec - 1 Martian minute , 
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- (1514 +'1.11)x104 
=P 
a = 5.67r10-' cgs 
6 2 Solar Constant a t  Mars = ,626~10 erg/- see 
1; * .474x104 cm2/sec 
unstable air  - 2.2~10 2 t 4 l 3  cm2/sec 
cn /sec 





3 * 1.xlO 2' < 120 met, 
3 = 1.x10 2' > 120 m e t .  
K'(Z') - 
The space gr%d u t i l i z e d  is as  follows: 
ness ( Z), wrderlain by 8 layers of thickncss lOOx Z ;  f or  the  air, starting froan 
the  surface,  6 layers o f  equal  thickness ( 2') overlain by 5 layers  of thicknesa 
lox Z ' ,  i n  turn overlain by 9 .  layers of tlifcknese lOOx 2'. The top 20 layers  in 
the gromd were i terated every Kartirn minute, and t h e  bot t  1 7  every 120 tiartian 
for the  ground, 20 layers of e q d  thick- 
d n u t e a .  
The bottom 6 layers of the atmosphere were 20 Eeters thick, but because K' is 
large, they were i terated every 5 Nartian seconds. 
a t e d  every 1 minute (K' is somewhat larger f o r  them) and t h e  top 8 layers every 
3-20 minutes. 
The next 4 layers w e r e  iter- 
Preliminary results of the computer computations of the model are i l l u s t r a t e d  i n  
Figures 23through 26 .  la these i n i t i a l  coxputatims t h e  tenperature at ttrse t - 0 
' I s  237°K a t  6 A.X. on Kars at a l l  l e v e l s .  The cmputer program I s  then a l l o w e d  to 
run for  tan day8 and the data for the tenth d a y  fs used. 
depict  the change i n  the 6 ti.=* temperature through the ten-day cycle. 
graphs i t  c8n be seen that  by the ninth day the temperatures are approaching steady 
s t a t e  values at a l l  the s e l e c t e d  l e v e l s .  




Figures 24a and b i l l u s t r a t e  t h e  diurnal change in t empera ture  a t  s e l e c t e d  levels 
for the X a r t i a n  e q u a t o r  a t  equinox.  I n s p e c t i m  of t h e  cu rves  i n d i c a t e s  that the 
t empera tu re  changes throughout  t h e  day are s i m i l a r  in manner t o  t h e  changes 
observed i n  the e a r t h ' s  atmosphere and ground. In  p a r t i c u l a r ,  i t  shou ld  be no ted  
. t h a t  the dayt ime s u r f a c e  tempera ture  cu rve  a g r e e s  f a i r l y  w e l l  w i t h  t h e  Martian 
t empera tu res  de te rmined  by renote sensing techniques (Sinton, W. N. and J, Strong; 
'*&dimetric Observations of K;?fs," hstrophys, J., 131, 459-464, 1960, and 
G i f f o r d ,  P . ,  Jr . ;  "Surface Temperature8 of the P l a n e t  Mars: 
S tudy  of P l a n e t a r y  Atmospheres , a Final Report, L o w e l l  Dbs. , F l a g s t a f f ,  Ariz,, 
208-249, 1952) .  1x1 a d d i t i o n ,  the maxirplm s u r f a c e  tempera ture  a g r e e s  w i t h  the 
1962 t o  1943," 'zbb? 
~ ~ ~ 3 , z u i . a  t m p s r a t u r e  obtained by Ohring, et al. (Ohring,  George, W. Tang,  J. 
Harfzmo, end G. Desanto, "P lene t s ry  Heteorology," F i n d  r e p o r t ,  C o n t r a c t  No, 
NASw-1574, GCA-TR-68-4-N, 54 p p . ,  Hay 1968) with t h e i r  c o n s t a n t  IC s o d e l .  X o w e v e r ,  
the i r  m i n h m  t e n p e r a t u r e  is approxhately C h i r t y - f i r e  degrees c o l d e r .  On the 
o t h c r  hmd, the p r c l i z d n n r y  r e s u l t s  of their v a r i a b l e  K model give 
mininun t e a p e r a t u r c  as shown in F i g u r e 2 4 , b u t  a much c o l d e r  rnaxLmura r e r ;pe ro tu re  
a s i m i l a r  
( i .e, ,  240°K). As can be s e e n  from Figure24 t h e  d i r u n e l  range computed for the 
Martian s u r f a c e  io 96°K. The observad  range on d e s e r t  s u r f a c e s  on E a r t h  is 
a p p r o x h s t e l y  40-50°K. 
range on Earth a t  20 meters is a p p r o x h a t e l p  5-10.K. 
A t  20 meters the conputed range  is 53% w h i l e  t h e  observed  
The vertfcal t empera tu re  profiles conputcd for d i f f e r e n t  times of t h e  day at t h e  
e q u a t o r  a t  equinox are p r e s e n t e d  i n  Figures 25a & b. 
change with h e i g h t  between t h e  surface and 20 meters a t  t h e  time of the surface 
m a x h u r n  (1 p.m.) t empera tu re  i s  -29.8.C, t h e  g r e a t e s t  change with height is 
Although the t empera tu re  
-30.2.C a t  noon. A sb i l a r  t e n p e r a t u r e  change :--:et d e s e r t s  on t h e  e a r t h  would 
be approx ima te ly  15%. A c t u a l l y  i n  t h e  e a r t h ' s  atmosphere most of t h i s  t e n p e r a t u r e  
49 
change take8 p l a c e  i n  t h e  f i r s t  t e n  meters w i t h  o v e r  70% o f  t h e  change g e n e r a l l y  
i n  t h e  f i r s t  meter above the s u r f a c e .  Ohring,  e t  a l .  computed an approxlmate 
80°K maximum change i n  t h e  f i r s t  knr compared t o  46°K from P i g u r e 2 S a . P a r t  of t h i s  
d i f f e r e n c e  fs undoubtedly due  to t h e  f a c t  that  t h e  Ohr ing ,  e t  al .  model h a s  a 
c o n s t a n t  eddy d i f f u s i v i t y  w h i l e  o u r  model h a s  a v a r i a b l e  eddy d i f f u s i v i t y  w i t h  
t h e  l a r g e s t  v a l u e s  n e a r  t h e  ground,and a f u n c t i o n  of  t h e  s t a b i l i t y .  These 
curves  i l l u s t r a t e  q u i t e  w e l l  t h e  response  o f  t h e  atmosphere to  t h e  eddy f l u x  of 
h e a t  from t h e  s u r f a c e .  
The v a r i a t i o n  of  t h e  ground aad 20 xeter t empera tu re  w i t h  la t i tude is shown in  
,F ig t i res  26a & b. Figure L6a i s  f o r  t h e  equinox ( 6  = 0) while b is for t h e  smmer 
and winter s o l s t i c e  (6 - + 2 5 ) .  
l a t i t u d e s  0*, 30', 45' and 90.. Nthough the  t empera tu re  a t  t h e  e q u a t o r  and low 
These cu rves  are b m e d  on c a l c u l a t i o n s  made for 
l a t i t u d e s  a g r e e  f a i r l y  w e l l  w i t h  p rev ious  estimates t h e  polar regions do not 
(fffchaux, C. N., 1567, NASA SP3030, EImdbook of Hars). The sUT;imer t e n p e r a t u r e s  
a te  higher and t h e  t a fn t e r  t empera tu res  a r e  lower. 
I n  s w a r y ,  t h e  results of  &he c a l c u l a t i o n s  made fro- th is  a n a l y t i c a l  model and 
the f i n i t e  d i f f e r e n c e  analog g i v e  q u i t e  reasonable results. 
i n c l u d e  1) determining t h e  v e r t i c a l  t e n p e r a t u r e  p r o f i l e s  a t  d i f f e r e n t  l a t i t u d e s  
and seasons ;  2)  ccrsparing p r o f i l e s  observed  ove r  desert  c o n d i t i o n s  w i t h  t h o s e  
p r e d i c t e d  by t h e  node1  under  s i r a i l a r  c o n d i t i o n s ;  and 3) comparing t h e s e  data with 
t h o s e  of o t h e r s .  
d i f f u s i v i t y  in accord  vith e m p e r f c a l l y  d e r i v e d  values and theoretical cons ide ra -  
F u t u r e  work w i l l  
All t h r e e  of these o b j e c t i v e s  w i l l  involve v a r y i n g  the eddy 
tions.  
Figure 23a 
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